ABSTRACT--This paper describes the design, modeling, and experimental test results of a single crystal silicon micromechanical device developed to evaluate fracture and fatigue of silicon based micromechanical devices. The structure is a cantilever beam, 300 microns long, with a large silicon plate and gold inertial mass at the free end. Torquing and sensing electrodes extend over the plate, and with associated electronics, drive the structure at resonance. Fatigue crack propagation is measured by detecting the shift in the natural frequency caused by the extension of a preexisting crack introduced near the fixed end of the cantilever. Experimental data are presented demonstrating time-dependent crack growth in silicon. Crack extensions of 10 to 300 nm have been measured with a resolution of approximately 2.5 nm, and crack tip velocities as low as 2.1 • 10-14 m/s. It is postulated that static fatigue of the native surface silica layer is the mechanism for crack growth. The methodology established here is generic in concept, permitting sensitive measurement of crack growth in larger fatigue specimens as well.
Introduction
Micromechanicai fabrication techniques have revolutionized the ability of designers to miniaturize electromechanicai systems for use in compact low cost sensors, actuators, and transducers. Significant commercial potential is envisioned with this technology, and therefore, much effort is focused on developing new fabrication processes, exploring alternative device designs and applications, and engineering new electronic systems. However, little attention is given to investigating failure processes and structural reliability at a basic level unless failure modes become apparent. The commercial use of micromechanical devices will lead to a greater emphasis on structural reliability as questions arise dealing with the ability of a particular device to meet performance specifications under various operating conditions. For example, micromechanicai devices are being fabricated for use in automobiles, aircraft, and satellites where the intended lifetime can easily exceed 10 years.17 Other applications include biomedical instruments where reliability is the primary design criterion. More sophisticated packaging of electronic devices is similarly increasing the complexity of material interconnects, with accompanying uncertainty about the interconnect reliability.
A poorly characterized aspect of all of these structures is the time-dependent propagation of cracks within the structures. It is not possible to fabricate these structures without defects or stress concentrations. Thermal or mechanical cycling coupled with incompatible mechanical and thermal properties will inevitably cause stress states that can cause either a crack to nucleate or a pre-existing crack to grow. Some small-scale structures additionally are designed to function within severe environments, where chemical processes can create or accelerate crack growth. These environments do not have to be exotic, for the presence of water Technology, Room 8-106, 77 Massachusetts Avenue, Cambridge, MA 02139. Original manuscript submitted: April 30,1992 . Final manuscript received: September 23,1992 can easily produce static fatigue in silica and, as discussed below, in silicon. 11.16
It is not apparent that failure modes obtained on a macroscopic scale extend to the scale of smaller structures. The mechanisms that govern large scale failure on standard macroscopic, laboratory specimens may not necessarily be those that govern the failure of smaller structures. At some scale continuum assumptions will no longer be valid. Surface coatings, microstructurai and surface features, and interface thicknesses now become large relative to structures dimensions. Our initial work, for example, suggests that static fatigue on this scale does not duplicate macroscopic static fatigue; fatigue limits and dependence on stress intensity may be different. Our results suggest that water-induced, slow crack growth may occur in silicon devices by static fatigue of the silica layer that forms immediately when silicon is exposed to oxygen.
Previous work on static fatigue of silicon has been inconclusive. Chen and Knapp performed stress corrosion experiments with single-crystal silicon bars that were precracked with a Knoop microhardness tester and statically loaded in four-point bending? The surface of the beam was wetted with various liquids including distilled water, and the time to fracture recorded. The loading was on the order of 95 percent of the static fracture load. The beams were monitored for a period of up to two weeks. None failed, and Chen and Knapp concluded that stress corrosion cracking does not occur. Wong and Holbrook performed a similar experiment where single-crystal wafers were indented and cracked with a microhardness tester? 8 The radial crack lengths were measured as a function of time in both ambient air and deionized water. No crack growth was observed, so they concluded that stress corrosion cracking does not occur due to the formation of a protective silica layer. Bhaduri and Wang observed a crack-growth process in large scale, double-torsion silicon specimens using load relaxation.l However other investigators were not able to duplicate their results. Chen and Leipold subsequently performed similar double-torsion experiments and concluded that slow crack growth does not occur in silicon. 3 Thouless and Cook demonstrated that indented silicon would spall if placed in HF acid, but they were unable to find any effect due to water, and were not able to measure crack-growth rates given the simplicity of their experiments.~4 The results obtained with our fatigue specimen are unambiguous; crack growth occurs at a very small but measurable rate.
A limited amount of fracture testing has been performed with small scale silicon structures. Excepting our research, to our knowledge nothing has been done with respect to time dependent failure. Several investigators have used cantilever beams to examine mechanical properties. Weihs et al. and Johansson et al. examined yield stresses, elastic properties, and breaking strength using micromechanical cantilever beams. 9. z0 Their failure measurements were approximate, however, since the amount of stress concentration was dependent on the particular geometry of the beam; they did not introduce a crack. Fan et al. presented some micromechanical bridge geometries involving stress concentrations.7 These geometries were not statically determinant nor were cracks introduced into the bridges. Stresses were caused by residual stresses introduced during fabrication so the state of 
Test-structure Design
Figure 1 is a diagram of the micromechanical fatigue test structure. A cantilever beam 16 gm x 75 gm x 5 gm thick is etched free from the surface of a silicon wafer. At the free end of the cantilever is a rectangular plate 150 gm wide by 235 gm long.
Fig. 2--Micromechanical test structure (actual)
This plate provides area for electrostatic forcing and sensing, and gold plating which is used as a counterweight to lower and adjust the natural frequency. The volume etched beneath the beam and plate extends to a depth of approximately 130 gm. Gold-bridge electrodes reaching above and across the plate are used to electrostatically drive the cantilever and sense its motion. Figure 2 is a SEM photo of an actual device.
A nanoindenter is used to introduce a linear array of surface indentations 10 gm from the base of the cantilever that link to create a precrack approximately 2 to 3 micrometers deep across the width of the beam. An extension of this crack reduces the total stiffness of the beam causing a significant change in resonant frequency. Therefore, driving the cantilever continuously at resonance while simultaneously measuring the frequency is a method by which the rate of propagation of a fatigue crack can be determined. The method of fatigue testing proposed in this experiment is analogous to compliance testing on a macroscale where a constant load or displacement is applied to a precracked specimen and the corresponding change in load or displacement is measured as a function of time and correlated to crack growth. 2 However, in this experiment, the frequency is measured which in turn is related to a stiffness change at the crack site.
Dynamic Modeling
An accurate dynamic model of the device is necessary to make predictions of the resonant frequency, and the anticipated frequency shift given a known crack geometry and extension. A three degree of freedom lumped system was chosen for three reasons. First, a discrete system simplifies the analysis versus solving the partial differential equation
